Synaptic Vesicle Mobilization Is Regulated by Distinct Synapsin I Phosphorylation Pathways at Different Frequencies  by Chi, Ping et al.
Neuron, Vol. 38, 69–78, April 10, 2003, Copyright 2003 by Cell Press
Synaptic Vesicle Mobilization Is Regulated
by Distinct Synapsin I Phosphorylation
Pathways at Different Frequencies
A substantial number of biochemical studies (Bahler
and Greengard, 1987; Bahler et al., 1989; Benfenati et
al., 1989a, 1989b, 1989c, 1993; Ceccaldi et al., 1995;
Chilcote et al., 1994; De Camilli et al., 1990; Greengard,
1987, 1993; Hosaka et al., 1999; Schiebler et al., 1986;
Ping Chi,1,2 Paul Greengard,2
and Timothy A. Ryan1,*
1Department of Biochemistry
The Weill Medical College of Cornell University
1300 York Avenue
New York, New York 10021 Thiel et al., 1990) suggest that synapsins move dynami-
cally in response to physiological stimuli, and have led2 The Laboratory of Cellular
and Molecular Neuroscience to the following hypothesis: under resting conditions,
synapsins tether synaptic vesicles to cytoskeletal ele-The Rockefeller University
New York, New York 10021 ments and prevent neurotransmitter release; during syn-
aptic activity, synapsins are phosphorylated, dissociate
from synaptic vesicles, and allow vesicles to mobilize
and fuse with the plasma membrane (De Camilli et al.,Summary
1990; Greengard et al., 1993; Schiebler et al., 1986).
Recently, using real-time imaging approaches we dem-During action potential firing, the rate of synapsin dis-
sociation from synaptic vesicles and dispersion into onstrated that synapsin I dissociates from synaptic vesi-
cles and disperses into axons during action potentialaxons controls the rate of vesicle availability for exo-
cytosis at the plasma membrane. Here we show that (AP) firing (Chi et al., 2001). The rate of synapsin I disper-
sion is controlled by calcium-dependent phosphoryla-synapsin Ia’s dispersion rate tracks the synaptic vesi-
cle pool turnover rate linearly over the range 5–20 Hz tion on each of the Ca2/calmodulin-dependent protein
kinase (CaM kinase) sites of synapsin Ia. Mutations ofand that the molecular basis for this lies in regulation at
both the calcium-calmodulin-dependent kinase (CaM each of these sites from serine to a nonphosphorylatable
amino acid, alanine, significantly slow synapsin disper-kinase) and the mitogen-activated protein (MAP) ki-
nase/calcineurin sites. Our results show that CaM ki- sion, and in turn slow the kinetics of synaptic vesicle
mobilization. However, the dynamics of synapsin disper-nase sites control vesicle mobilization at low stimulus
frequency, while MAP kinase/calcineurin sites are crit- sion were examined under a single stimulation condition
at a fixed frequency of 10 Hz. Since neurons, in vivo,ical at both lower and higher stimulus frequencies.
Thus, multiple signaling pathways serve to allow syn- exhibit complex firing patterns with variable firing rates,
and a number of neuronal processes, including synapticapsin’s control of vesicle mobilization over different
stimulus frequencies. plasticity and neurotransmitter release, exhibit firing-
frequency-dependent modulation (Mulkey et al., 1993),
it will be crucial to understand how molecular compo-Introduction
nents, such as synapsins, respond to complex firing
behaviors of neurons.Synaptic vesicle availability and mobilization are impor-
tant parameters in the regulation of synaptic transmis- Using real-time imaging approaches of GFP-labeled
synapsin Ia in combination with FM 4-64-based analysission and synaptic plasticity. Synapsins, a family of highly
conserved neuronal phosphoproteins that are specifi- of synaptic vesicle mobilization, we have now investi-
gated how synapsin Ia responds to different stimulationcally associated with synaptic vesicles (Greengard et
al., 1993), have been implicated in the regulation of neu- frequencies.
rotransmitter release by controlling the number of vesi-
cles available for exocytosis. Synapsins exist in all or- Results
ganisms with a nervous system, and are encoded by
three distinct genes, synapsin I, II, and III, in most verte- Frequency Dependence of GFP-Synapsin
brates (Hilfiker et al., 1998; Hosaka and Sudhof, 1998; Ia Dynamics
Kao et al., 1998, 1999; Sudhof et al., 1989). Synapsins Transient expression of GFP-labeled synapsin Ia in post-
are the most abundant synaptic vesicle proteins, with natal rat hippocampal neuronal cultures have previously
synapsin I alone accounting for 6% of total vesicle pro- allowed us to monitor the real-time dynamics of synap-
tein (Greengard et al., 1993; Huttner et al., 1983). They sin in response to AP firing (Chi et al., 2001) as GFP-
are present in nearly all presynaptic nerve terminals, but synapsin Ia targets correctly to nerve terminals. AP firing
different neurons have distinct repertoires of different leads to a prompt dispersion of GFP-synapsin Ia from
synapsins (De Camilli et al., 1983; Greengard et al., 1993; the bouton into the axon and can be monitored by exam-
Mandell et al., 1990, 1992; Sudhof et al., 1989, 1989). The ining quantitatively the fluorescence intensity of GFP-
high abundance, the specific association with synaptic synapsin Ia at individual boutons during stimulation (Chi
vesicles, the highly conserved features, as well as the et al., 2001) (Figure 1A). During continuous AP stimula-
widespread distribution at nerve terminals, all signify tion at 10 Hz, the concentration of GFP-synapsin Ia de-
synapsins as important and evolutionarily conserved creases by 30%–50% at the boutons, but reclusters
regulatory proteins in synaptic transmission. in the bouton regions upon cessation of the stimulus
(data not shown, but see Chi et al. [2001]). The time
course of synapsin dispersion is consistently faster than*Correspondence: taryan@med.cornell.edu
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Figure 1. Frequency Dependence of Synapsin Dispersion and Vesicle Mobilization
(A) GFP-synapsin Ia dispersion kinetics and FM 4-64 destaining kinetics in the same set of GFP-synapsin Ia-expressing nerve terminals
stimulated at 10 Hz. FM 4-64 destaining kinetics were also measured in parallel in nontransfected nerve terminals. Data were obtained from
approximately 20 nerve terminals.
(B) FM 4-64 release kinetics is slower than GFP-synapsin Ia dispersion at all stimulus frequencies (all data points above the dashed line) but
is tightly correlated (R  0.99). The dispersion kinetics of GFP-synapsin Ia became faster with increasing stimulus frequency, with   45.6 
2.9 s at low stimulus frequency (5 Hz),   15.6  0.8 s at 10 Hz, and   10.1  0.5 s at high stimulus frequency (20 Hz). The kinetics of
synaptic vesicle pool turnover exhibited similar frequency dependence, with a faster rate of vesicle pool turnover at 20 Hz (  18.8  0.9 s,
p  104) and a slower rate of vesicle pool turnover at 5 Hz (  79.2  5.9 s, p  1019) when compared to that at 10 Hz (  26.8  1.3).
The extent of dispersion was always between 30% and 50% over the entire frequency range (data not shown). Number of boutons pooled
from four different experiments and analyzed for each stimulus frequency is as follows: 5 Hz (22), 10 Hz (56), and 20 Hz (40).
(C) The kinetics of synaptic vesicle pool turnover monitored by FM 4-64 destaining is similar between GFP-synapsin Ia-transfected and
nontransfected boutons during stimulation at 10 Hz. A typical example of frequency distribution of FM 4-64 destaining time constants (FM4-64)
measured at individual GFP-synapsin Ia-expressing (  26.5 s, n  33) and nonexpressing boutons in the same experiment (  25.2 s, n 
62; p  0.25) is shown in this panel.
(D) GFP-synapsin Ia expression does not affect the kinetics of vesicle pool turnover as assayed by FM 4-64 destaining over a range of
frequencies tested. Destaining kinetics of FM 4-64 in GFP-synapsin Ia positive (n  22–56) and negative (n  50–112) boutons were measured
for each stimulus frequency, as shown for stimulation at 10 Hz in Figure 1A. Time constants of GFP-synapsin Ia dispersion and its effect on
FM 4-64 destaining at different frequencies were averaged over 22–56 boutons pooled from four experiments.
the time course for the recycling pool of synaptic vesi- able firing rates (5, 10, and 20 Hz). The dispersion kinet-
ics of GFP-synapsin Ia became faster with increasingcles to mobilize and undergo exocytosis (Figure 1A).
The latter is determined simultaneously by measuring stimulation frequency, and was always consistently
faster than that of synaptic vesicle pool turnover (Figurethe time to destain the amphipathic dye FM 4-64 from
the maximally preloaded recycling pool, both in the 1B). The time constants of GFP-synapsin Ia dispersion
and synaptic vesicle pool turnover in the same nervetransfected nerve terminals, as well as in the population
of nontransfected nerve terminals in the same field of terminals were well correlated in this frequency range
(R  0.99, Figure 1B). Thus GFP-synapsin Ia dispersionview. This approach therefore allows us to compare
both the dynamics of GFP-synapsin Ia and the vesicle appears to precede the mobilization and exocytosis of
the recycling vesicle pool over a wide range of stimuluspool mobilization in the same synapses for various con-
ditions, as well as to determine the effect of expression frequencies. We made use of the ability to measure the
destaining kinetics of FM 4-64 in both transfected andof either wild-type or mutant forms of GFP-synapsin Ia
on the kinetics of vesicle pool turnover in transfected nontransfected boutons, to determine if the presence
of GFP-synapsin Ia altered pool mobilization kinetics.versus nontransfected synapses.
In this study, we examined synapsin dynamics and The distributions of destaining time constants () ob-
tained from both transfected and nontransfected syn-vesicle pool turnover during synaptic activities at vari-
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apses from a single experiment are shown in Figure 1C CaM kinase II/PP2A and PP1 site (Czernik et al., 1987;
Jovanovic et al., 2001), and moderate level of phosphor-and indicate that expression of GFP-synapsin Ia in rat
hippocampal nerve terminals did not affect the kinetics ylation at site 6 of synapsin I (Figure 2F), a MAP kinase/
calcineurin site (Jovanovic et al., 1996, 2001). Duringof vesicle pool turnover. Since the absolute value of FM
4-64 destaining time constants vary from cell culture to electrical activity however, the distribution of synapsin
I became much more diffuse (Figures 2D and 2I) andcell culture, we quantified the effect of GFP-synapsin
Ia expression on the kinetics of synaptic vesicle pool showed much higher immunoreactivity for the site
3-phospho-specific antibody (Figures 2A and 2C, stimu-turnover for each GFP-synapsin Ia-transfected bouton
in an individual experiment as the following: lation at 10 Hz) and the site 6-phospho-specific antibody
(Figures 2F and 2H, stimulation at 5 Hz). Under resting
% slowing of FM 4-64 destaining conditions, very little synapsin is found in the axonal
regions. Therefore, in order to determine the relative (GFP  GFP)  100/GFP, (1)
phosphorylation of the dispersed synapsin in the axon,
where brackets denote averages over a population of we compared the average ratio of phospho-synapsin
boutons, and GFPand GFP refer to GFP-synapsin Ia- fluorescence intensity (Fp) to the total synapsin fluores-
transfected and -nontransfected boutons, respectively. cence intensity (FT) in the axons under various stimula-
Analysis of this parameter at different stimulus frequen- tion conditions, (Fp/FT)axon (stim), to that of the ratio of
cies over a number of boutons pooled from several ex- the fluorescence intensity of phospho-synapsin to total
periments indicated that the kinetics of vesicle pool turn- synapsin at boutons at rest,(Fp/FT)bout (rest) (Figures 2C,
over is unaltered by the expression of GFP-synapsin Ia 2D, 2H, and 2I) (the brackets denote averaging over
(Figure 1D). many boutons). The measured fluorescence at the axo-
nal and bouton regions in each experiment was cor-
rected for background fluorescence. Figures 2E and 2JFrequency-Dependent Phosphorylation and
show a summary of the measurements for the relativeDephosphorylation of Synapsin I
phosphorylation of synapsin I that disperses into axons,A previous study has shown that synapsin I becomes
[(Fp/FT)axon (stim)/(Fp/FT)bout (rest)], for both site 3 (Figurephosphorylated at the CaM kinase sites and dephos-
2E) and site 6 (Figure 2J) under various stimulation con-phorylated at the MAP kinase/calcineurin sites during
ditions. During stimulation at 5 Hz, dispersing synapsincalcium influx in isolated nerve terminals (Jovanovic et
I in the axons shows a relative phosphorylation level atal., 2001). In addition, our earlier study demonstrated
site 3 that is approximately 3-fold higher than that ofthat GFP-synapsin Ia dynamics are regulated by cal-
synapsin I localized to the boutons under resting condi-cium-dependent phosphorylation of sites 1, 2, and 3
tion (p  1010) (Figure 2E), indicating a higher activityduring synaptic activity (Chi et al., 2001). In order to
level of CaM kinase II compared to PP2A/PP1 activitybetter understand the relationship among synapsin
under this condition. The phosphorylation level of site 3phosphorylation at different sites, vesicle mobilization,
increases with increasing stimulation frequency (Figureand synapsin dispersion at different stimulus frequencies,
2E). Interestingly, the average phosphorylation level ofwe examined the relative degree of synapsin phosphory-
synapsin I at site 6 in the axonal regions was approxi-lation following different stimulus conditions. Immu-
mately 3- to 4-fold higher during AP stimulation at 5nofluoresence measurements using phospho-specific
Hz than that of the resting condition (p  1015), butpolyclonal antibodies, specifically directed against ei-
decreases to 80% of that of resting condition duringther a CaM kinase II site (site 3) or a MAP kinase site
AP stimulation at 20 Hz (p  103) (Figure 2J). These(site 6), were used to determine the extent of phosphory-
results indicate that during low-frequency stimulationlation at these sites. These data were normalized to the
(5 Hz), MAP kinase and cdk 5 collectively have highertotal synapsin I protein, as detected with a synapsin
activity levels than calcineurin, resulting in a net phos-I-specific monoclonal antibody. Immunolocalization of
phorylation at this site. However, this balance shifts tosynapsin with phospho-specific and total synapsin-I an-
a net dephosphorylation at higher stimulus frequencies.tibody binding were visualized simultaneously using dif-
The relative phosphorylation of synapsin I at site 3 andferent secondary antibodies (anti-rabbit or anti-mouse)
site 6 in the bouton regions demonstrated a similar trendlabeled with different colored fluorophores and examined
as in the axonal regions shown in Figures 2E and 2Jwith confocal microscopy. Hippocampal cell cultures were
during stimulation at different frequencies (data nottreated with one of four different test conditions immedi-
shown). These observations, consistent with a previousately prior to chemical fixation and immunostaining: rest,
study in isolated nerve terminals (Jovanovic et al., 2001),stimulated with 600 AP at 5 Hz, stimulated with 600 AP
signify that synapsin phosphorylation by CaM kinases,at 10 Hz, or stimulated with 600 AP at 20 Hz. Figure
MAP kinase, and cdk5, and dephosphorylation by cal-2 shows typical distributions of both site 3-phospho-
cineurin may play important roles in the regulation ofsynapsin I (Figures 2A and 2C) and site 6-phospho-
synaptic vesicle trafficking during synaptic activity atsynapsin I in red (Figures 2F and 2H), and their corre-
variable firing rates.sponding total synapsin I in green (Figures 2B, 2D, 2G,
and 2I) under resting (Figures 2A, 2B, 2F, and 2G) and
stimulated conditions (Figures 2C, 2D, 2H, and 2I) on CaM Kinase Sites Preferentially Modulate
GFP-Synapsin Ia Dynamics and Vesicle Pooldifferent hippocampal cultures. As expected, under
resting condition, synapsin I displayed a typical punc- Turnover at Low Stimulation Frequency
To study the physiological significance of these phos-tate staining pattern (Figure 2B and 2G) with only weak
phosphorylation at site 3 of synapsin I (Figure 2A), a phorylation and dephosphorylation events in synapsin
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Figure 2. Synapsin I Becomes Phosphorylated at Site 3, a CaM Kinase/PP2A Site, but Dephosphorylated at Site 6, a MAP Kinase/Calcineurin
Site, during Synaptic Activity
(A and B) Coimmuostaining of phospho-syapsin I at site 3 (red [A]) and total synapsin I including both phospho- and dephospho-synapsin I
(green, [B]) in rat hippocampal cultures fixed at rest show resting level of synapsin I phosphorylation at site 3, a CaM kinase II site.
(C and D) In a parallel culture, fixed immediately after a train of 600 AP field stimulation at 10 Hz, site 3-specific phospho-synapsin I staining
(red, [C]) becomes much more enhanced than resting condition (A) in both axonal (shown in [E]) and bouton regions (data not shown), while
the concentration of total synapsin I during synaptic activity remains similar to that of resting condition (B and D), indicating an activity-
dependent phosphorylation event at the CaM kinase II site (site 3) of synapsin I during stimulation at 10 Hz. Scale bar, 5 	m.
(E) Phosphorylation levels of synapsin I at site 3 increase with increase in stimulation frequency in axonal regions. First, the average background
fluorescence from each culture (yellow boxes in [B], [D], [G], and [I], usually 40 synapse-free regions were selected across the entire
experimental field) was subtracted from the raw fluorescence measured at the bouton regions (purple boxes) and the axonal regions (white
boxes) in the same culture to result in site 3-specific phospho-synapsin I and total synapsin I fluorescence. The relative phosphorylation at
site 3 was then calculated as the ratio of phospho-synapsin I levels to total synapsin I levels in the same region (i.e., white boxes in [D] and
[I]) under various stimulation conditions and then normalized to the ratio of phospho-synapsin I over total synapsin I levels in the same regions
(i.e., purple boxes in [B] and [G]) under the resting condition. The data were averaged over 473–646 axonal regions from two sets of experiments,
and each set of experiment comprises parallel hippocampal cultures fixed under resting condition, 600 AP at 5 Hz, 600 AP at10 Hz, and 600
AP at 20 Hz. The variation of these measurements from different cultures of the same age was within 10%. At all frequencies, the phosphorylation
levels of synapsin I at site 3 (5 Hz, 3.39  0.11, p  1010; 10 Hz, 5.44  0.10, p  1010; 20 Hz, 5.66  0.10, p  1010) are significantly higher
than that of resting condition (1  0.03).
(F and G) Coimmuostaining of phospho-syapsin I at site 6 (red, [F]) and total synapsin I including both phospho- and dephospho-synapsin I
(green, [G]) in rat hippocampal cultures fixed at rest show resting level of synapsin I phosphorylation at site 6, a MAP kinase/calcineurin site.
(H and I) In a parallel culture, fixed immediately after a train of 600 AP field stimulation at 5 Hz, phospho-synapsin I staining (red, [H]) becomes
more enhanced than resting condition (I) in both axonal (shown in [J]) and bouton regions (data not shown), while the concentration of total
synapsin I during synaptic activity remains similar to that of resting condition (G and I), indicating an activity-dependent phosphorylation event
at the MAP kinase/calcineurin site (site 6) of synapsin I during stimulation at 5 Hz.
(J) Phosphorylation levels of synapsin I at site 6 (a MAP kinase/calcineurin site) decrease with increase in stimulation frequency in axonal
regions. Similar to site 3, the relative phosphorylation levels for site 6 under various conditions were calculated and averaged over 750–1827
axonal regions from two sets of experiments. The phosphorylation levels of synapsin I at site 6 were higher at 5 Hz (3.59  0.14, p  1015),
but lower at 20 Hz (0.81  0.07, p  103) when compared to resting condition.
I during synaptic activity, we engineered GFP-synapsin by calcium-dependent phosphorylation of sites 1, 2, and
3 by CaM kinase I/IV and II during synaptic activity atI mutants that harbor mutations either at the CaM kinase
sites or the MAP kinase/calcineurin sites and studied 10 Hz, which in turn controls the efficiency of vesicle
turnover (Chi et al., 2001). CaM kinase II has been impli-their effects on synaptic vesicle pool turnover under
different firing conditions. In a previous report, we dem- cated as a molecular frequency detector for Ca2 spikes
during synaptic activity (Hanson et al., 1994). Thus, weonstrated that GFP-synapsin Ia dynamics is regulated
Frequency-Dependent Synapsin Dispersion
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Figure 3. Phosphorylation at the CaM Kinase Sites Preferentially Modulates GFP-Synapsin Ia Dynamics and Vesicle Pool Turnover at Low
Stimulus Frequency (5 Hz)
(A) Dispersion kinetics of GFP-synapsin Ia-S1/2/3A is tightly correlated with FM 4-64 destaining kinetics at different stimulus frequencies.
Number of boutons pooled from three different experiments and analyzed for each stimulus frequency is as follows: 5 Hz (20), 10 Hz (28),
and 20 Hz (34).
(B) Synaptic vesicle pool turnover kinetics monitored by FM 4-64 destaining is significantly slowed by the mutant form of GFP-synapsin Ia
when compared to nontransfected boutons during stimulation at 10 Hz. A typical example of frequency distribution of FM 4-64 destaining
time constants (FM4-64) measured at individual GFP-synapsin Ia-S1/2/3A-expressing (  56.4 s, n  20) and nonexpressing boutons in the
same experiment (  37.9 s, n  55; p  1.0  107) is shown in this panel.
(C) Slowing effect of GFP-synapsin Ia-S1/2/3A on vesicle pool turnover during stimulation at different frequencies. The effect was calculated
as described in the text. The kinetics of vesicle pool turnover were significantly slower in GFP-synapsin Ia-S1/2/3A-expressing nerve terminals
than in nonexpressing nerve terminals at all stimulus frequencies (p  0.04 for all comparisons). The extent of GFP-synapsin dispersion was
similar to wild-type (data not shown). GFP-synapsin Ia-S1/2/3A regulates the efficiency of vesicle pool turnover more effectively at low stimulus
frequency (5 Hz, 62.1%  12.9% slowing effect) than at high stimulus frequency (20 Hz, 9.4%  5.2% slowing effect, p  104). Number of
boutons pooled from three different experiments and analyzed for each stimulus frequency is as follows: 5 Hz (20), 10 Hz (28), and 20 Hz (34).
first examined how the CaM kinase-dependent phos- MAP Kinase/Calcineurin Sites Modulate GFP-
Synapsins Ia Dynamics and Vesicle Pool Turnoverphorylation sites of synapsin Ia modulate the dynamics
of synapsin dispersion and vesicle pool turnover in re- at Both Low and High Stimulation Frequencies
In addition to Ca2-dependent phosphorylation at thesponse to different firing rates. Specifically, we investi-
gated the dynamic behavior of a GFP-synapsin Ia mutant CaM kinase sites (sites 1, 2, and 3) in synapsin I, it was
recently shown that calcium influx leads to a concurrent(S1/2/3A) with all CaM kinase phosphorylation sites
(Czernik et al., 1987) mutated from serine to a nonphos- calcineurin-dependent dephosphorylation at the MAP
kinase sites (sites 4, 5, and 6) (Jovanovic et al., 1996,phorylatable amino acid, alanine, and the effect of this
combination of mutations on vesicle pool turnover as- 2001). The frequency-dependent increase in calcineurin
activity is also evident from the immunocytochemistrysayed by FM 4-64 destaining during field stimulation at
three different frequencies (5, 10, and 20 Hz). As with studies (Figure 2J). Therefore, we next specifically inves-
tigated the physiological significance of the MAP kinase/wild-type GFP-synapsin Ia, the dispersion kinetics of
GFP-synapsin Ia-S1/2/3A was faster than and well cor- calcineurin sites in synapsin Ia at different firing rates
by directly mutating each of the sites from serine torelated with the rate of vesicle pool turnover (R  1.00)
for all frequencies tested (Figure 3A, p  0.015 for all glutamate to mimic constitutive phosphorylation. When
all MAP kinase/calcineurin sites were mutated to gluta-comparisons). In contrast to boutons expressing wild-
type GFP-synapsin Ia, GFP-synapsin Ia-S1/2/3A-express- mate (S4/5/6E), the kinetics of GFP-synapsin Ia-S4/5/
6E dispersion were well correlated with (R  1.00) anding nerve terminals had significantly slower kinetics of
synaptic vesicle pool turnover than nonexpressing nerve faster than vesicle pool turnover over the frequency
range tested (Figure 4A, p 105). The kinetics of vesicleterminals in the same experiments at all stimulation fre-
quencies (Figures 3B and 3C, p  0.04 for all compari- pool turnover in nerve terminals expressing GFP-synap-
sin Ia-S4/5/6E was significantly slower than nonexpress-sons). However, the impairment of synaptic vesicle pool
turnover was much more pronounced at 5 Hz (62.1%  ing nerve terminals during field stimulation at 10 and 20
Hz (Figure 4B, p 109 for each comparison). However,12.9% slowing effect) than at 20 Hz (9.4% 5.2% slow-
ing effect) (Figure 3C, p  104). These results suggest during AP stimulation at 5 Hz, the slowing effect on
vesicle pool mobilization was much smaller (Figure 4B,that phosphorylation at CaM kinase sites in synapsin
Ia is specifically tuned to respond more effectively to p  0.04). Thus, GFP-synapsin Ia-S4/5/6E was much
more effective at impairing vesicle pool turnover duringsynaptic activity with relatively low firing rates. Curi-
ously, synapsin I is normally highly phosphorylated at high-frequency stimulation (20 Hz, 51.0%  5.4% slow-
ing effect) than during low-frequency stimulation (5 Hz,site 3, the CaM kinase II site, during high-frequency
stimulation (20 Hz) (Figure 2E). These observations fur- 16.0%  7.6% slowing effect) (Figure 4B, p  103 for
each comparison). This is consistent with the observa-ther suggest that other activity-dependent mechanisms
might modulate synapsin Ia dynamics and vesicle pool tion from immunocytochemistry studies that synapsin I
becomes dephosphorylated at the MAP kinase/cal-turnover during synaptic activity at high firing rates.
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Figure 4. Dephosphorylation at the MAP Kinase Sites Preferentially Modulates GFP-Synapsin Ia Dynamics and Vesicle Pool Turnover at High
Stimulus Frequency (20 Hz), whereas Phosphorylation at the MAP Kinase Sites Modulates GFP-Synapsin Ia Dynamics and Vesicle Pool
Turnover at Low Stimulus Frequency (5Hz)
(A) Dispersion kinetics of GFP-synapsin Ia-S4/5/6E (solid symbols) and GFP-synapsin Ia-S4/5/6A (open symbols) is tightly correlated with FM
4-64 destaining kinetics at different stimulus frequencies. Number of GFP-synapsin Ia-S4/5/6E-expressing boutons pooled from six different
experiments and analyzed for each stimulus frequency is as follows: 5 Hz (27), 10 Hz (46), and 20 Hz (61). Number of GFP-synapsin Ia-S4/5/
6A-expressing boutons pooled from six different experiments and analyzed for each stimulus frequency is as follows: 5 Hz (48), 10 Hz (79),
and 20 Hz (64).
(B) Slowing effect of GFP-synapsin Ia-S4/5/6E and GFP-synapsin Ia-S4/5/6A on vesicle pool turnover during stimulation at different frequencies.
The kinetics of vesicle pool turnover were significantly slower in nerve terminals expressing S4/5/6E than in nonexpressing nerve terminals
at all stimulus frequencies (p  0.04 for all comparisons). The extent of GFP-synapsin mutant dispersion was similar to wild-type (data not
shown). GFP-synapsin Ia-S4/5/6E impairs the efficiency of vesicle pool turnover at high stimulus frequency (20 Hz, 51.0%  5.4% slowing
effect) more effectively than at low stimulus frequency (5 Hz, 16.0%  7.6% slowing effect) (p  103). On the other hand, GFP-synapsin
Ia-S4/5/6A impairs the efficiency of vesicle pool turnover at low stimulus frequency (5 Hz, 34.7%  4.9% slowing effect) more effectively than
at high stimulus frequency (20 Hz, 4.6%  4.0% slowing effect) (p  105). Number of boutons analyzed for both GFP-synapsin Ia-S4/5/6E-
and GFP-synapsin Ia-S4/5/6A-expressing boutons are the same as in (A).
cineurin sites only during high-frequency stimulation (20 ure 4B) is significantly smaller than the slowing effect
by GFP-synapsin Ia-S1/2/3A (62.1%  12.9%, FigureHz) (Figure 2J), and perturbation of dephosphorylation
at these sites would result in impairment of vesicle pool 3C) (p  0.02) during AP stimulation at 5 Hz, suggesting
that the CaM kinase sites dominate the regulation ofturnover at 20 Hz (Figure 4B).
In addition to the dephosphorylation of the MAP kinase/ synapsin dynamics and vesicle pool turnover at low-
frequency stimulation. Nonetheless, these observationscalcineurin sites during high-frequency stimulation, our
immunocytochemistry study also demonstrated phos- further indicate that the MAP kinase/calcineurin sites
of synapsin Ia can modulate synapsin dynamics andphorylation at one of the MAP kinase/calcineurin sites,
site 6, during low-frequency stimulation (5 Hz). Thus, to synaptic vesicle pool turnover over a wide range of fre-
quencies.study the physiological significance of this phosphoryla-
tion, we mutated all of the MAP kinase sites from serine
to alanine, a nonphosphorylatable form. When all of the CaM Kinase and MAP Kinase/Calcineurin Sites
Together Modulate GFP-SynapsinMAP kinase/calcineurin sites were mutated from serine
to alanine, the kinetics of GFP-synapsin Ia-S4/5/6A dis- Ia Dispersion and Vesicle Turnover
at All Stimulation Frequenciespersion were also well correlated with (R  1.00) and
faster than the kinetics of vesicle pool turnover in the We next examined the effect of combined mutations at
the CaM kinase sites and MAP kinase/calcineurin sitessame synapses at all frequencies tested (Figure 4A). The
effect of GFP-synapsin Ia-S4/5/6A expression on vesicle (GFP-synapsin Ia-S1/2/3A;S4/5/6E) on synapsin disper-
sion and vesicle pool turnover in response to differentpool turnover showed an almost inverse frequency de-
pendence compared to the glutamate mutations at the firing rates. Similar to all other mutants as well as wild-
type GFP-synapsin Ia, the rate of GFP-synapsin Ia-S1/same sites (Figure 4B), varying from 34.7% 4.9% slow-
ing at 5 Hz to 4.6%  4.0% slowing at 20 Hz. These 2/3A;S4/5/6E dispersion was significantly faster than
synaptic vesicle pool turnover. However, the two param-observations are consistent with our immunocytochemis-
try studies, which demonstrated that synapsin I became eters were no longer well correlated over the range of
frequencies tested (Figure 5A). In addition, GFP-synap-more phosphorylated at the MAP kinase/calcineurin
sites during stimulation at 5 Hz, but dephosphorylated sin Ia-S1/2/3A;S4/5/6E effectively slowed vesicle pool
turnover kinetics to a similar degree at all stimulationduring stimulation at 20 Hz (Figure 2J), and suggest that
during low-frequency stimulation (5 Hz), the MAP kinase/ frequencies (Figure 5B). The contributions of the mu-
tated CaM kinase sites (from serine to alanine) and MAPcalcineurin sites need to be in the phosphorylated state
to confer efficient synaptic vesicle recycling, whereas kinases/calcineurin sites (from serine to glutamate) in
slowing vesicle pool turnover seemed to be additive (Fig-during high-frequency stimulation (20 Hz), the MAP ki-
nase/calcineurin sites must become dephosphorylated ures 3C, 4B, and 5B). These results suggest that synap-
sin Ia effectively modulates synaptic strength in re-to sustain efficient synaptic transmission. The slowing
effect by GFP-synapsin Ia-S4/5/6A (34.7% 4.9%, Fig- sponse to neuronal activity with variable firing rates, and
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Figure 5. The CaM Kinase Sites and MAP Kinase Sites Together Modulate GFP-Synapsin Dynamics and Vesicle Pool Turnover at All Stimulus
Frequencies
(A) Dispersion kinetics of GFP-synapsin Ia-S1/2/3A;S4/5/6E at different stimulus frequencies. Number of boutons pooled from three different
experiments and analyzed for each stimulus frequency is as follows: 5 Hz (9), 10 Hz (12), and 20 Hz (15).
(B) Slowing effect of GFP-synapsin Ia-S1/2/3A4/5/6E on vesicle pool turnover during stimulation at different frequencies. The kinetics of
vesicle pool turnover was significantly slower in nerve terminals expressing GFP-synapsin Ia-S1/2/3A;S4/5/6E than in nonexpressing nerve
terminals at all stimulus frequencies (p  104 for all comparisons). The extent of GFP-synapsin dispersion was similar to wild-type (data not
shown). GFP-synapsin Ia-S1/2/3;SA4/5/6E effectively modulated the efficiency of vesicle pool turnover at all stimulus frequencies tested: 5
Hz, 68.9%  9.6% slowing effect; 10 Hz, 57.7%  9.9% slowing effect; 20 Hz, 51.7%  12.4% slowing effect. Number of boutons pooled
from three different experiments and analyzed for each stimulus frequency is as follows: 5 Hz (9), 10 Hz (12), and 20 Hz (15).
it achieves this regulation through different signaling frequency in wild-type versus synapsin I/II/ mice neu-
rons is likely best explained by postulating an importantpathways.
Previous studies have shown that synapsin I can form role for synapsin II in controlling synaptic vesicle mobili-
zation and synapsin I dynamics under these conditions.both homodimers and heterodimers with synapsin II (but
not with synapsin III) (Hosaka and Sudhof, 1999). Since In order to better illustrate the relationship between
the rate of synapsin dispersion and the average impactsome of our results might be confounded by the possible
interactions of transfected synapsin Ia and mutants with on vesicle pool turnover for different frequencies and
different mutations, we have grouped the data for differ-native synapsins, we also examined the CaM kinase
phosphorylation site and the MAP kinase/calcineurin ent frequencies in Figures 6B and 6C. In the presence
of synapsin II (i.e., in wild-type background), in general,site mutants during synaptic activity at different stimula-
tion frequencies in hippocampal cultures derived from at each stimulus frequency (color coded in Figures 6B
and 6C), there was a very good correlation between thesynapsin I/II/ mice in which interaction between trans-
fected mutants and endogenous wild-type synapsins dispersion kinetics and the degree to which the kinetics
of vesicle pool turnover were slowed for all GFP-synap-are minimal. The CaM kinase phosphorylation site- and
the MAP kinase/calcineurin site mutants showed very sin Ia mutant forms tested: the slower the dispersion of
synapsin Ia mutant, the larger the effect on slowingsimilar trends with respect to their effect on synaptic
vesicle turnover in synapsin I/II/ (Figure 6A) compared synaptic vesicle pool turnover (Figure 6B). This correla-
tion was also seen in the synapsin I/II/ neurons for APto wild-type (rat) background (Figures 3C, 4B, and 5B).
Nerve terminals expressing GFP-synapsin Ia-S1/2/3A stimulation at 10 and 20 Hz (Figure 6C). Consistent with
our previous observations (Chi et al., 2001), these resultsexhibited maximal slowing effect on vesicle pool turn-
over as monitored by FM 4-64 destaining when com- support a model in which the speed of dissociation of
synapsin from synaptic vesicles and redistribution intopared to nonexpressing nerve terminals during low-fre-
quency stimulation (5 Hz) and no statistically significant the axon controls the availability of synaptic vesicles for
fusion with the plasma membrane. One notable excep-effect during high-frequency stimulation (20 Hz) (Figure
6A). Nerve terminals expressing GFP-synapsin Ia-S4/ tion to this behavior is seen, however, at 5 Hz stimulation
in the fully mutated form of GFP-synapsin Ia (S1/2/5/6E demonstrated maximal slowing effect on vesicle
turnover during high-frequency stimulation (20 Hz) (Fig- 3A;S4/5/6E) (Figure 6B). Here, in the latter case, the
effect on vesicle pool turnover kinetics is quite substan-ure 6A), and GFP-synapsin Ia-S1/2/3A;S4/5/6E effec-
tively slowed vesicle pool turnover kinetics to similar tial without a commensurate change in the kinetics of
synapsin Ia-S1/2/3A;S4/5/6E dispersion. This phenome-degrees at all stimulation frequencies tested (Figure 6A).
Interestingly, unlike the case for the wild-type back- non implies that at low stimulation frequencies, synapsin
can control vesicle mobilization through yet unidentifiedground, transfection of all synapsin Ia mutant forms as
well as the wild-type GFP-synapsin Ia exhibited signifi- mechanisms in addition to those regulating its associa-
tion with and dissociation from the vesicles.cant slowing effect on synaptic vesicle pool turnover
during low-frequency stimulation (5 Hz) when compared
to nontransfected nerve terminals (Figure 6A). One of Discussion
the key differences between transfection into the wild-
type background (rat) and that of the synapsin I/II/ The studies presented here demonstrate that synapsin
Ia dispersion is dynamically regulated in response tobackground is the presence or absence of synapsin II.
Thus, the difference between the data at low stimulus firing activity at different frequencies in presynaptic
Neuron
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Figure 6. Frequency Dependence of Effects
on Vesicle Pool Turnover and Synapsin Dis-
persion Kinetics of GFP-Synapsin Ia and Mu-
tants
(A) Effects of various GFP-synapsin Ia mu-
tants on synaptic vesicle pool turnover at dif-
ferent stimulation frequencies in synapsin I/
II/ neurons. Number of boutons analyzed
for each condition is as follows: WT (wild-
type): 5 Hz (17), 10 Hz (32), and 20 Hz (25);
S1/2/3A: 5 Hz (12), 10 Hz (19), and 20 Hz (23);
S4/5/6A: 5 Hz (30), 10 Hz (43), 20 Hz (34); S4/
5/6E: 5 Hz (17), 10 Hz (23), 20 Hz (28); and
S1/2/3A: 4/5/6E, 5 Hz (50), 10 Hz (59), and 20
Hz (84). At low-frequency AP stimulation (5
Hz), overexpression of various mutant forms
of GFP-synapsin Ia as well as wild-type GFP-
synapsin Ia in nerve terminals all substantially
slowed synaptic vesicle pool turnover when
compared to nontransfected nerve terminals
(p  103 for each comparison). At high-fre-
quency AP stimulation (20 Hz), only the MAP
kinase site mutants, S4/5/6E and S1/2/3A;4/
5/6E, effectively slowed synaptic vesicle pool
turnover as compared to nontransfected nerve
terminals (p  108 for each comparison).
(B) Frequency dependence of effects on vesi-
cle pool turnover and synapsin dispersion ki-
netics of GFP-synapsin Ia and mutants in
wild-type (rat) neurons.
(C) Frequency dependence of effects on vesi-
cle pool turnover and synapsin dispersion ki-
netics of GFP-synapsin Ia and mutants in syn-
apsin I/II/ neurons.
nerve terminals, and that the speed of dispersion corre- phorylation sites both modulate synaptic vesicle mobili-
zation by modulating the rate of synapsin I dissociationlates very well with the kinetics of vesicle pool mobiliza-
tion and turnover. There seems to be two distinct levels from synaptic vesicles and its redistribution into axons.
However, the CaM kinase sites and the MAP kinase sitesof regulation of synaptic vesicle mobilization via synap-
sin I over a range of stimulation frequencies. The CaM appear to employ different mechanisms. A large number
of biochemical studies strongly support the possibilitykinase sites of synapsin I seem to predominantly regu-
late synaptic vesicle mobilization at low stimulation fre- that the phosphorylation state of the CaM kinase sites
regulates synapsin Ia dynamics via modulating the bind-quency, whereas the MAP kinase sites regulate vesicle
mobilization over an extended frequency range, although ing affinity of synapsin Ia to synaptic vesicles and cy-
toskeletal proteins (Benfenati et al., 1989a, 1989b,requiring phosphorylation at low stimulation frequency
and dephosphorylation at higher stimulus frequencies. 1989c; Hosaka et al., 1999; Huttner et al., 1983; Schiebler
et al., 1986; Sihra et al., 1989). Unlike the CaM kinaseThus, the two layers of regulation contributed by distinct
phosphorylation sites of synapsin I collectively confer phosphorylation sites (sites 1, 2, and 3), phosphorylation
of the MAP kinase sites (sites 4, 5, and 6) in synapsineffective modulation of synaptic vesicle turnover and
synaptic transmission over a range of stimulation fre- Ia does not affect the binding affinity of synapsin Ia to
synaptic vesicles, but appears to modulate actin dynam-quencies.
Our data demonstrated that these two sets of phos- ics (Jovanovic et al., 1996). Thus, it is possible that the
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all reagents were obtained from Sigma (St. Louis, MO). All animalphosphorylation state of the MAP kinase sites regulates
experiments and use were approved by the Institutional Animalsynapsin Ia dynamics and synaptic efficacy primarily via
Care and Use Committee of the Weill Medical College of Cornellmodulating actin dynamics. However, this hypothesis
University.
remains to be directly tested. In spite of the fact that
the CAM kinase site 3 is phosphorylated at high stimulus Immunocytochemistry and Analysis
frequencies, mutations at the MAP kinase sites (S4/5/ Individual dishes of 2- to 3-week-old rat hippocampal cultures were
6E) act as a dominant-negative inhibitor under these processed for immunofluorescence of both phosphorylated synap-
sin I at different phosphorylation sites and total synapsin I (bothconditions. Thus the MAP kinase sites and the CAM
phosphorylated and nonphosphorylated). The cultures were fixed inkinase sites appear to be organized in a hierarchical
4% paraformaldehyde (Electron Microscopy Science, Washington,manner that depends on stimulus frequency with regard
PA), 1PBS, and 0.041% sucrose (Sigma) for 15 min. Dishes were
to the control of vesicle mobilization. The fact that the separated into groups and subjected to one of four conditions imme-
fully mutated synapsin I (S1/2/3A-4/5/6E) still disperses diately before fixation: control (resting condition), 600 AP field stimu-
in response to AP firing, even in the synapsin I/II double lation at 5 Hz, 600 AP field stimulation at 10 Hz, or 600 AP field
stimulation at 20 Hz. Cells were then permeablized in the sameknockout background, also implies that an additional
fixative plus 0.25% Triton (Sigma) for 15 min, blocked in 10% BSAsensor of activity must function to control synapsin dy-
(Sigma) for 1 hour at room temperature and incubated overnightnamics.
with both monoclonal anti-synapsin I antibody (clone A10C; Serotec,
In addition, our studies point to the likely importance Kidlington, Oxford, UK) and anti-synapsin I phophorylation-state
of synapsin II in controlling vesicle mobilization at low- specific polyclonal antibodies, P-site 3 antibody (RU19 [Czernik et
frequency stimulation. In the complete absence of syn- al., 1991]), or P-site 6 antibody (G-555 [Jovanovic et al., 1996]). Cells
were then incubated with an Alexa 488-labeled anti-rabbit IgG andapsin II, even wild-type synapsin I overexpression slows
an Alexa 546 anti-mouse IgG secondary antibody (Molecular Probe,vesicle pool turnover, while in the presence of synapsin
Eugene, OR) for 2 hr and mounted for observation.I and II, additional expression of wild-type synapsin I
Quantitative measurements of fluorescence intensity at individual
has little effect. The mechanisms by which synapsin II boutons (defined as punctate fluorescence) and axonal regions were
controls vesicle pool turnover, particularly at low stimu- obtained by averaging a 4  4 area of pixel intensities. The ratio of
lus frequency, remain to be explored. fluorescence intensity of phospho-synapsin I to total synapsin I was
taken for each individual bouton. Boutons were selected visually asIn general, the dispersion kinetics and the effect on
regions with increased staining in the total synapsin channel, andvesicle pool turnover of various GFP-synapsin Ia mu-
axonal regions were selected as the regions in between. Even duringtants were well correlated, supporting the model that
intense stimulation, the concentration of synapsin decreases by
the speed of dissociation of synapsin Ia from vesicles only 50%, and thus boutons are still easily recognized. All ratios
and dispersion into the axon controls the efficiency of were normalized to the average ratio of phospho-synapsin I to total
vesicle pool turnover. synapsin I at resting condition in the bouton region.
The dynamic balance between activity-dependent
Experimental Conditionsphosphorylation and dephosphorylation of synapsin Ia
Coverslips of neuronal cell cultures were mounted in a superfusionmay underlie general mechanisms involved in molecular
chamber equipped with field stimulation electrodes on the stage ofprocessing of neuronal activity with variable firing rates.
a custom-built laser-scanning confocal microscope as described
It is conceivable that selective expression of CaM ki- (Ryan, 1999). Field stimulation was applied by passing 1 ms current
nases (I, IV, and II) or calcineurin, as well as differential pulses across the chamber (10V/cm) using platinum-iridium elec-
basal level activities of MAP kinase in different types of trodes. Unless otherwise noted, cells were superfused at room tem-
perature (24
C) in a saline solution consisting of 119 mM NaCl,neurons may provide an effective way to fine tune the
2.5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 5 mM HEPES (pH 7.4), 30neurons to engage more specific and robust responses
mM glucose, 10 	M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX,to specific neuronal signals. Synapsin, through its dy-
an AMPA receptor antagonist), and 50 	M D,L-2-amino-5-phospho-
namic association with synaptic vesicles and its ability novaleric acid (APV, a NMDA receptor antagonist). Synaptic vesicle
to be phosphorylated by multiple signaling pathways pools were labeled by field-stimulating cultures for 30s at 20 Hz in
appears to encode the type of molecular logic required the presence of 15 	M FM 4-64 in normal saline. An additional 60s
of dye exposure was allowed to ensure complete labeling of allfor controlling synaptic efficacy over a range of stimulus
recycling vesicles. The cultures were subsequently rinsed in dye-frequencies.
free solution for 10 min prior to dye destaining.
Experimental Procedures
Optical Measurements, Microscopy, and Analysis
Laser-scanning fluorescence images were acquired as describedcDNA Subcloning and Site-Directed Mutagenesis
EGFP-synapsin Ia fusion protein was generated by subcloning the (Sankaranarayanan and Ryan, 2000). Quantitative measurements
of fluorescence intensity at individual boutons were obtained byrat synapsin Ia cDNA into the pEGFP-C1 vector (Clontech, Palo Alto,
CA). Site-directed mutagenesis was performed using Stratagene’s averaging a 4  4 area of pixel intensities. FM 4-64 destaining data
were normalized to the total loss of fluorescence during the train(La Jolla, CA) QuikChange site-directed mutagenesis kit.
of AP, determined by subtracting the average of the final three time
points from that of the first five time points before stimulation forCell Culture and Transfections
Hippocampal CA3-CA1 regions were dissected from postnatal 2- each individual bouton. Time constants for FM 4-64 destaining were
obtained by fitting the destaining curves to single exponential de-to 4-day-old rats, and the neurons were dissociated and plated on
coverslips coated with 10 	g/ml poly-L-ornithine, and were cultured cays. The fluorescence change of GFP-synapsin Ia and its mutants
at synaptic boutons was normalized to the starting fluorescence (F0)and maintained as described previously (Ryan et al., 1996). All exper-
iments were performed on cultures between 2 and 3 weeks of age. at the individual selected region. The time constant for dispersion of
GFP-synapsin Ia wild-type or mutant was determined similarly byTransfection of GFP-synapsin Ia and its phosphorylation-site mu-
tants were performed using calcium phosphate precipitation as de- fitting the dispersion curve to single exponential decay, or in the
case of minimal or very slow dispersion by directly taking the timescribed (Chi et al., 2001, Threadgill et al., 1997). Expression levels
of all mutant forms of GFP-synapsin Ia were similar to that of wild- point at 63% of the normalized fluorescence decrease. The error
bars shown in all figures are standard errors.type GFP-synapsin Ia (data not shown). Unless otherwise stated,
Neuron
78
Acknowledgments and Augustine, G.J. (1998). Two sites of action for synapsin domain
E in regulating neurotransmitter release. Nat. Neurosci. 1, 29–35.
We would like to thank W. Yan for technical assistance and members Hosaka, M., and Sudhof, T.C. (1998). Synapsin III, a novel synapsin
of the Ryan and Greengard labs for discussions. This work was with an unusual regulation by Ca2. J. Biol. Chem. 273, 13371–
supported by grants from the NIH to T.A.R. (NS24692 and GM61925) 13374.
and P.G. (MH39327) and the Irma T. Hirschl/Monique Weill-Caulier Hosaka, M., and Sudhof, T.C. (1999). Homo- and heterodimerization
Trust (T.A.R.). of synapsins. J. Biol. Chem. 274, 16747–16753.
Hosaka, M., Hammer, R.E., and Sudhof, T.C. (1999). A phospho-Received: February 11, 2002
switch controls the dynamic association of synapsins with synapticRevised: January 17, 2003
vesicles. Neuron 24, 377–387.Accepted: February 22, 2003
Huttner, W.B., Schiebler, W., Greengard, P., and De Camilli, P. (1983).Published: April 9, 2003
Synapsin I (protein I), a nerve terminal-specific phosphoprotein. III.
Its association with synaptic vesicles studied in a highly purifiedReferences
synaptic vesicle preparation. J. Cell Biol. 96, 1374–1388.
Bahler, M., and Greengard, P. (1987). Synapsin I bundles F-actin in Jovanovic, J.N., Benfenati, F., Siow, Y.L., Sihra, T.S., Sanghera, J.S.,
a phosphorylation-dependent manner. Nature 326, 704–707. Pelech, S.L., Greengard, P., and Czernik, A.J. (1996). Neurotrophins
stimulate phosphorylation of synapsin I by MAP kinase and regulateBahler, M., Benfenati, F., Valtorta, F., Czernik, A.J., and Greengard,
synapsin I-actin interactions. Proc. Natl. Acad. Sci. USA 93, 3679–P. (1989). Characterization of synapsin I fragments produced by
3683.cysteine-specific cleavage: a study of their interactions with F-actin.
J. Cell Biol. 108, 1841–1849. Jovanovic, J.N., Sihra, T.S., Nairn, A.C., Hemmings, H.C., Jr.,
Greengard, P., and Czernik, A.J. (2001). Opposing changes in phos-Benfenati, F., Bahler, M., Jahn, R., and Greengard, P. (1989a). Inter-
phorylation of specific sites in synapsin I during Ca2-dependentactions of synapsin I with small synaptic vesicles: distinct sites in
glutamate release in isolated nerve terminals. J. Neurosci. 21, 7944–synapsin I bind to vesicle phospholipids and vesicle proteins. J.
7953.Cell Biol. 108, 1863–1872.
Kao, H.T., Porton, B., Czernik, A.J., Feng, J., Yiu, G., Haring, M.,Benfenati, F., Greengard, P., Brunner, J., and Bahler, M. (1989b).
Benfenati, F., and Greengard, P. (1998). A third member of the synap-Electrostatic and hydrophobic interactions of synapsin I and synap-
sin gene family. Proc. Natl. Acad. Sci. USA 95, 4667–4672.sin I fragments with phospholipid bilayers. J. Cell Biol. 108, 1851–
1862. Kao, H.T., Porton, B., Hilfiker, S., Stefani, G., Pieribone, V.A., DeSalle,
R., and Greengard, P. (1999). Molecular evolution of the synapsinBenfenati, F., Valtorta, F., Bahler, M., and Greengard, P. (1989c).
gene family. J. Exp. Zool. 285, 360–377.Synapsin I, a neuron-specific phosphoprotein interacting with small
synaptic vesicles and F-actin. Cell Biol. Int. Rep. 13, 1007–1021. Mandell, J.W., Townes-Anderson, E., Czernik, A.J., Cameron, R.,
Greengard, P., and De Camilli, P. (1990). Synapsins in the vertebrateBenfenati, F., Valtorta, F., Rossi, M.C., Onofri, F., Sihra, T., and
retina: absence from ribbon synapses and heterogeneous distribu-Greengard, P. (1993). Interactions of synapsin I with phospholipids:
tion among conventional synapses. Neuron 5, 19–33.possible role in synaptic vesicle clustering and in the maintenance
of bilayer structures. J. Cell Biol. 123, 1845–1855. Mandell, J.W., Czernik, A.J., De Camilli, P., Greengard, P., and
Townes-Anderson, E. (1992). Differential expression of synapsins ICeccaldi, P.E., Grohovaz, F., Benfenati, F., Chieregatti, E.,
and II among rat retinal synapses. J. Neurosci. 12, 1736–1749.Greengard, P., and Valtorta, F. (1995). Dephosphorylated synapsin
I anchors synaptic vesicles to actin cytoskeleton: an analysis by Mulkey, R.M., Herron, C.E., and Malenka, R.C. (1993). An essential
videomicroscopy. J. Cell Biol. 128, 905–912. role for protein phosphatases in hippocampal long-term depression.
Science 261, 1051–1055.Chi, P., Greengard, P., and Ryan, T.A. (2001). Synapsin dispersion
and reclustering during synaptic activity. Nat. Neurosci. 4, 1187– Ryan, T.A. (1999). Inhibitors of myosin light chain kinase block syn-
1193. aptic vesicle pool mobilization during action potential firing. J. Neu-
rosci. 19, 1317–1323.Chilcote, T.J., Siow, Y.L., Schaeffer, E., Greengard, P., and Thiel,
G. (1994). Synapsin IIa bundles actin filaments. J. Neurochem. 63, Ryan, T.A., Li, L., Chin, L.S., Greengard, P., and Smith, S.J. (1996).
1568–1571. Synaptic vesicle recycling in synapsin I knock-out mice. J. Cell Biol.
134, 1219–1227.Czernik, A.J., Pang, D.T., and Greengard, P. (1987). Amino acid
sequences surrounding the cAMP-dependent and calcium/calmod- Sankaranarayanan, S., and Ryan, T.A. (2000). Real-time measure-
ulin-dependent phosphorylation sites in rat and bovine synapsin I. ments of vesicle-SNARE recycling in synapses of the central nervous
Proc. Natl. Acad. Sci. USA 84, 7518–7522. system. Nat. Cell Biol. 2, 197–204.
Czernik, A.J., Girault, J.A., Nairn, A.C., Chen, J., Snyder, G., Ke- Schiebler, W., Jahn, R., Doucet, J.P., Rothlein, J., and Greengard,
babian, J., and Greengard, P. (1991). Production of phosphorylation P. (1986). Characterization of synapsin I binding to small synaptic
state-specific antibodies. Methods Enzymol. 201, 264–283. vesicles. J. Biol. Chem. 261, 8383–8390.
De Camilli, P., Benfenati, F., Valtorta, F., and Greengard, P. (1990). Sihra, T.S., Wang, J.K., Gorelick, F.S., and Greengard, P. (1989).
The synapsins. Annu. Rev. Cell Biol. 6, 433–460. Translocation of synapsin I in response to depolarization of isolated
nerve terminals. Proc. Natl. Acad. Sci. USA 86, 8108–8112.De Camilli, P., Cameron, R., and Greengard, P. (1983). Synapsin I
(protein I), a nerve terminal-specific phosphoprotein. I. Its general Sudhof, T.C., Czernik, A.J., Kao, H.T., Takei, K., Johnston, P.A.,
distribution in synapses of the central and peripheral nervous sys- Horiuchi, A., Kanazir, S.D., Wagner, M.A., Perin, M.S., and De Camilli,
tem demonstrated by immunofluorescence in frozen and plastic P. (1989). Synapsins: mosaics of shared and individual domains in
sections. J. Cell Biol. 96, 1337–1354. a family of synaptic vesicle phosphoproteins. Science 245, 1474–
1480.Greengard, P. (1987). Neuronal phosphoproteins. Mediators of sig-
nal transduction. Mol. Neurobiol. 1, 81–119. Thiel, G., Sudhof, T.C., and Greengard, P. (1990). Synapsin II. Map-
ping of a domain in the NH2-terminal region which binds to smallGreengard, P., Valtorta, F., Czernik, A.J., and Benfenati, F. (1993).
synaptic vesicles. J. Biol. Chem. 265, 16527–16533.Synaptic vesicle phosphoproteins and regulation of synaptic func-
tion. Science 259, 780–785. Threadgill, R., Bobb, K., and Ghosh, A. (1997). Regulation of dendritic
growth and remodeling by Rho, Rac, and Cdc42. Neuron 19,Hanson, P.I., Meyer, T., Stryer, L., and Schulman, H. (1994). Dual
625–634.role of calmodulin in autophosphorylation of multifunctional CaM
kinase may underlie decoding of calcium signals. Neuron 12,
943–956.
Hilfiker, S., Schweizer, F.E., Kao, H.T., Czernik, A.J., Greengard, P.,
